In order to model the high-resolution infrared spectrum of the phosphine molecule in the 3 µm region, a global approach involving the lower three polyads of the molecule (Dyad, Pentad and Octad) as been applied using an eective hamiltonian in the form of irreducible tensors. This model allowed to describe all the 15 vibrational states involved and to consider explicitly all relevant ro-vibrational interactions that cannot be accounted for by conventional perturbation approaches.2245 levels (up to J = 14) observed through transitions arising from 34 cold and hot bands including all available existing data as well as new experimental data have been tted simultaneously using a unique set of eective hamiltonian parameters.
molecule reported recently [24] . A detailed description of the main theoretical features can be found in the original paper [10] and in subsequent reviews [14, 25] . This approach has been already successfully applied to complex band systems of symmetric top molecules like CH 3 D [26, 27, 28] and CH 3 Cl [29, 30] . Only basic or original features with respect to previous works will be repeated or detailed here.
The polyad structure of the phosphine molecule is essentially governed by the quasi coincidence of the stretching fundamental frequencies with the rst overtones of the bending frequencies following the simple approximate relation below which diers from the one for methane only by the symmetries (or equivalently by the degeneracies) ν 1 (A 1 ) ν 3 (E) 2ν 2 (A 1 ) 2ν 4 (E).
(
The polyads P n are dened by an integer n expressed in terms of the principal vibrational quantum numbers as n = 2(v 1 + v 3 ) + v 2 + ν 4 .
Reduced ro-vibrational energy diagrams of the phosphine molecule are plotted in Fig. 2 and the corresponding intensities are shown in Fig. 3 . In these diagrams the colors (web version) are assigned according to the principal eigenvector coecients providing an overall picture of the eects of intra-polyad ro-vibrational interactions. The band origins (J = 0) of the 21 vibrational substates involved in the present study are quoted in Table 2 . Recent independent ab initio values [19, 20] are reported for comparison. The partially transformed ro-vibrational hamiltonian adapted to the polyad structure of the PH 3 molecule (formally identical to the one of the CH 4 molecule [24] ) is expressed as H = H {G.S.} + H {Dyad} + H {P entad} + H {Octad} + . . . 
where T ··· ··· designates a tensor operator and t ··· ··· the corresponding adjustable parameter.
The upper indices indicate the rotational characteristics of the considered term : Ω r is the rotational power with respect to the angular momentum components J α ; K is the tensor rank in the full rotation group ; C is the rotational symmetry coinciding with the vibrational symmetry to satisfy the invariance condition under the molecular point group operations ; κ indicates the maximum ∆K of the matrix elements. The lower indices n i and m i (i = 1, ..., 4) are respectively the powers of creation and annihilation vibrational operators associated with the four normal modes of the molecule. The total vibrational power Ω v is given by The reduced energies are derived from the ro-vibrational eigenvalues by subtracting the average ground state energy B"J(J + 1) with B" = 4.40 cm −1 . The top panels refer to calculated energy levels. The bottom panels refer to tted levels. The colors of the symbols (web version of this article) are assigned according to the principal vibrational character of the eigenvectors. The color coding can be determined from the J = 0 levels. The top right panel displays the calculated energies versus the projection quantum number K. At a given K value, the dots representing the associated J levels are shifted horizontally by the quantity 0.05(J − K) in order illustrate the behavior of the K series. On the lower part of this panel the 3ν2 upper levels appear displayed along regular paraboloidal branches (as expected for weakly perturbed parallel bands), whereas on the upper part of the panel, several K series present perturbed behaviors reecting strong ro-vibrational interactions. 
C3v
Ab initio [19] Ab initio [20] Present work Obs-Calc # tted positions The Obs-Calc column refers to vibrational levels (J = 0) directly observed in the present work from 1 or 2 transitions. Vertical arrows indicate the band systems involved in the present analysis.
A detailed description of the tensor coupling of elementary operators can be found in Refs. [12, 25] .
The eective hamiltonians associated with the subsequent polyads include two, three or four groups of terms obtained by projection of the above hamiltonian operator (3) onto the corresponding subspaces formally denoted by < P olyad >:
The vibrational states involved in each polyad are listed in Table 2 . All the symmetry allowed terms in expansion (3) and their matrix elements in the basis functions are automatically generated by the MIRS computer program [13] in the conguration shown in Fig. 4 . In the present study the sixth order of approximation was considered as dened by
The number of possible and actually adjusted terms involved in each group at each order of expansion is given in Table 3 . By comparing with the values for methane given in Table 3 of Ref. [24] one can see that the numbers of symmetry allowed terms are larger for phosphine than for methane at the lower orders and smaller at the higher orders as a consequence of the competition between the total vibrational degrees of freedom and the corresponding degeneracies related to the molecular point groups. For instance, a complete expansion up to the The dipolar transition moment was similarly expressed in tensorial form. It is partially transformed following the polyad pattern of the PH 3 molecule. According to our unied treatment of both energies and intensities, this transformation is de facto fully consistent with the transformation of the hamiltonian itself. In the present paper, three sets of eective dipole moment parameters were considered to describe the intensities of the ∆n = 1, ∆n = 2 and ∆n = 3 band systemswhere n is the polyad number dened by Eq. (2). 
Ωmax and ∆Kmax designate respectively the maximum J power with respect to the angular momentum components Jα and the maximum value of ∆K for matrix elements in each category. The complete list of hamiltonian parameters is available from the separate le Hamiltonian_parameters.txt .
The rst set led to the Pentad−Dyad eective dipole expansion formally expressed as
where the rst term gathers operators involved in transitions from the ground state to the Dyad and the second group contains additional higher order operators contributing to transitions from the Dyad to the Pentad only.
The second set led to the Pentad and Octad−Dyad eective dipole expansions as
and
The interpretation of the two groups in Eq. (13) can be simply deduced from the one of the rst set by shifting the polyad numbers by 1.
The third set constituted the Octad eective dipole expansion as
These parameter sets were used to predict intensities of the three polyads and of the hot bands arising from the Dyad. To describe the intensities of the cold Octad band system (3 µm region ) a set of 38 eective dipole moment parameters has been used including terms up to the third order of approximation among the 66 symmetry allowed terms at that order. The list is available from the separate le Octad_dipole_moment.txt. 4 
Results and discussion
A great majority of the experimental data tted in the present work were already assigned and tted in previous works [1, 3, 7] . However, as mentioned earlier, the transfer of these assignments in our model could not be done in a fully automatic way on the basis of the usual approximate quantum numbers. As a matter of fact, since our model is designed to account explicitly for strong interactions, the assignment is primarily based on quantum numbers associated to fundamental invariants, namely the angular momentum J and the ro-vibrational symmetry C in the C 3v molecular point group. By construction the polyad number n is also a robust pseudo quantum number. It is not always true for the usual quantum numbers related to the harmonic oscillator and rigid rotor approximation, namely the v i 's (principal vibrational quantum numbers) and K (projection of the angular momentum along the molecular axis). These approximate quantum numbers are not explicitly taken into account into our assignment procedure. Instead the running number α of the hamiltonian eigenvalues within a given n, J, C matrix-block is used. Note that the α assignment is not robust either. In the case of heavily mixed ro-vibrational states, α may vary as the eective hamiltonian parameters in the course of the iterative non-linear least squares procedure. For these reasons at various stages of the analysis a careful by hand inspection of the system had to be done. A few (if not to say one) missagnments can have nasty eects on many other levels. Conversely it is well known that heavily intricate levels give more information than non perturbed The present intensity summations are indicative only. Ab initio values are reproduced with the numbers of digits taken from the original works. levels. It should be emphasized that thanks to the vibrational extrapolation scheme implemented in our global model (as outlined in section 3 about the o-diagonal Coriolis and Fermi terms), the dominant interactions which generally aect the system from the lower polyads upwards are constrained by the observations on the lower polyads. They are de facto involved in the higher polyad description, and only weaker interactions or vibrational corrections of the previous ones need to be adjusted to the higher polyad observations.
In the present work, the so-called ground-state parameters (from H {G.S.} ) involved in all eective hamiltonians of the three upper polyads according to Eqs. 6 to 9, were kept xed throughout at the values of [2] . All other 395 parameters were adjusted to t simultaneously the observed upper energy levels of the Dyad [3] , the measured transition wavenumbers of the Pentad [1] , the measured transition wavenumbers of the Octad [7] and newly assigned transition wavenumbers from the Octad as well as from the Octad−Dyad and Pentad−Dyad band systems.The whole set of 412 terms have non-vanishing matrix elements within the Octad system. Among them the 180 Octad terms listed at the bottom part of Table 4 have vanishing matrix elements within the lower polyads and most of them can be considered as vibrational corrections of terms already involved in the Dyad and Pentad. For comparison, 150 parameters were introduced in the isolated band model used in Ref. [7] to assign the transitions from 7 of the 8 bands involved in the Octad. Our 180 Octad terms represent only a slightly larger set of parameters, but they are capable of modeling all the bands by considering all relevant interactions as shown hereafter. At the nal stage of our tting procedure, 2245 levels (up to J = 14) observed through more than 6000 transitions arising from 34 cold and hot bands including all available experimental data have been tted simultaneously using a unique set of eective hamiltonian parameters (lower left panel of Fig. 2 ). The complete list of these parameters is available from the separate le Hamiltonian_parameters.txt or by request to the authors. Tables 5, 6 , 7 and 8.The intensity diagrams plotted in Fig. 3 give a graphical overview of the actual coverage of the tted data for positions (top panels) and for intensities (bottom panels). They show the importance of having data with intensities covering several orders of magnitude and conversely they give a feeling of the diculty of retrieving accurate measurements in such congested spectra. The lower right panel of Fig. 2 displays the distribution of the position residuals over the various bands of the system. It should be emphasized that the assignment and tting process were guided by a systematic selection of the levels involved in multiple transition observations through a generalization of the well proven method of combination dierences. Many other transitions than those quoted in the Tables can in fact be unambiguously assigned. Such straightforward assignments would not provide signicantly independent information. The precision achieved on the Dyad is quite similar to the one of the previous work of Ref. [3] . The Pentad region around 4.5 µm were fairly well reproduced thanks to assigned data distributed over all the six substates of the polyad (Table 5) .
Several hot band transitions arising from both ν 2 and ν 4 upper states were also included ( Table 6 ). The present work improves the modeling of the Pentad upper states by dividing the rms reported in the previous work of Ref.
[1] by a factor 6. Since essentially the same data were used in both works, the main explanation for this is the eciency of our present model and the exibility of its computer implementation in modeling intra-polyad interactions. Finally, in the 3 µm region the present work represents the rst high-resolution modeling with a standard deviation not far from the experimental precision. A qualitative picture of the improvement achieved on the Octad is illustrated in Fig. 5 on the basis of the assignments reported in [7] . In this diagram, the size of the symbols reect the order of magnitude of the discrepancies between the isolated band models used in [7] and the present polyad model. Using the present model, the rms (Obs-Calc) on the 593 levels in common with both works is 3.6 × 10 re-scaled in such a way that the corrected baseline come close to an horizontal straight line. Due to saturation eects the observed absorption peaks do not reect precisely the observed intensities. T he 3ν 2 band is weakly perturbed and was already well described using an isolated band model (Fig. 5) . For the higher energy bands where the perturbations are much larger, the agreement between the experimental and the synthetic spectra are globally satisfying, although in some places predicted weak features do not t very well with the experiments. This diagram includes the 593 tted Octad upper levels that were already assigned in [7] . The color convention is the same as in Figs. 2 The main remaining diculty is for the 3ν 4 band and to a lesser extend for ν 2 + ν 3 . These relatively weak bands with three and two quanta respectively are located in a very crowded region and a higher experimental resolution would certainly be helpful. Practically all the ν 2 + ν 3 lines are very weak and the number of combination dierences is not large enough to eliminate wrong assignments. Assigning the ν 2 + ν 3 − ν 2 hot band could certainly be useful. This task is not simple since it requires the simultaneous assignment of high J transitions.
The statistics shown in Table 7 report only one transition for the A 1 substate of 3ν 4 and two for the A 2 substate. The experimental trace (at the bottom) was recorded using the Kitt Peak FTS at 0.0115 cm-1 resolution with a path length of 16.25 m and a pressure of 6.3 torr at 289 K. The simulated trace (at the top) was calculated using a Voigt line prole under the same experimental conditions. From left to right and from top to bottom the panels correspond to spectral regions around the 3ν2, ν2 + 2ν4, ν1 + ν2/ ν2 + ν3 and ν3 + ν4/ ν1 + ν4 band origins respectively. This may be considered as inconsistent with the presence of as many as ten vibrationally diagonal parameters directly related to 3ν 4 as quoted in the bottom raw of Table 4 . In fact, due to the vibrational hybridization induced by interactions, several other transitions carry a non leading 3ν 4 character and thus contribute to the determination of the above parameters.
An important improvement of the present study with respect to previous works lies in its exhaustivity.
Even though the precision of the empirical wavenumbers and intensities [7] of the stronger and well resolved spectral features is better than the average precision of the present calculated line parameters, the completeness of the theoretical calculation is essential for planetary applications. Fig. 7 shows an overview of the hot band contributions arising from the 0100 and 0001 states in the 800 to 2600 cm −1 region at room temperature. The trace at the top includes all the Pentad−Dyad and Octad−Dyad transitions predicted from the present global model. The trace at the bottom shows all hot band lines available in the HITRAN database [8] . The HITRAN compilation is actually restricted to some of the lines arising from the 0100 state. Note that many of the hot band transitions were tted in the present global analysis. All these lines are included in the complete line list available from the separate le Line_List_296K.txt.
The comparison of the band origins derived from the present ro-vibrational analysis with the values calculated independently from recent ab initio studies shows a fairly good agreement of about one reciprocal centimeter rms. The largest discrepancies are observed for the 3ν 4 band and especially for the 3ν 4 (E) sub-band. The precision of our predictions is believed to be much less than for the other bands due to the very small number of assigned transitions related to the 3ν 4 band. The comparison of the integrated band intensities quoted in Tables 5, 6 , 7 and 8 shows fairly good coincidences and large discrepancies as well. Before drawing denite conclusions, it should be kept in mind that our intensity analysis is only a preliminary semi-quantitative study.
Furthermore, for strongly interacting bands the partial summations may be no longer fully meaningful and thus no longer comparable directly.
At the onset of this project, we expected to locate the hidden 3ν 4 upper state by modeling the Octad and assigning 3ν 4 − ν 4 transitions in the Pentad region. Now, it is clear that better modeling of Pentad intensity perturbations is essential for this tactic to succeed. Intensities for hundreds of transitions of each band are required, and there are currently too few measurements even for ν 1 and ν 3 . Recovering~1600 line intensities from Tarrago et al. would be helpful, but new measurements are still needed using path lengths that range through at least three orders of magnitude and at pressures high enough to maintain sample purity and stability.
As highlighted in Table 5 of Butler et al. [7] , the absolute accuracies of the measured intensities for the three polyads may be much worse (20 to 30%) than the experimental precisions (2 to 7%). This must be understood before a satisfactory global modeling of line intensities can be completed. The systematic dierences between studies of the same bands may be caused by undetected impurities in the gas samples so that already-measured values could be normalized by a simple scaling. This point could be investigated at high resolution with a
Bruker spectrometer congured with dierent detectors (MCT and InSb) to scan the dierent polyads in turn using an absorption cell holding the same sample throughout. Lower resolution cross sections of PH 3 +N 2 mixtures recorded at PNNL [32] could provide some conrmation of relative intensities as well. In any case, the predictions produced by the present global analysis provide a good starting point for new intensity studies of PH 3 in the infrared.
Conclusion
The phosphine absorption spectrum in the 3 µm region has been modeled under high-resolution for the rst time. This was achieved following a global approach in which the lower three polyads were tted simultaneously using an eective hamiltonian in irreducible tensor form. A unique set of eective hamiltonian parameters has been determined. The precision obtained for the Pentad was signicantly improved with respect to previous works. The precision for the Octad is not far from the experimental accuracy demonstrating that our model is well suited to account for the strong intra-polyad interactions encountered in the molecule. Except for the 3v 4 band, the Octad vibrational sub-band origins are now well known. In particular, our tted values remove any doubt about imprecise or erroneous values for the v 1 + v 4 and v 3 + v 4 sub-band origins that were reported by [5] and more recently by [16] and corrected in [19] . Our model open the way for a denitive analysis of the infrared spectrum of phosphine. Future progresses are expected from an exhaustive analysis of the intensities and the extension of the global t to higher J values. Higher resolution experimental data would certainly be helpful to facilitate assignments and intensity measurements in the highly crowded high frequency edge of the Octad.
An exhaustive line list of 55 223 calculated transitions at 296 K covering the region from 700 to 3500 cm −1
has been calculated including all hot band lines arising from the Dyad upper states. It is available through the separate le Line_List_296K.txt. The newly calculated hot band transitions constitute already a substantial complement to the existing databases. In turn, the list will be submitted to complete or replace the previous empirical data in the HITRAN and GEISA databases.
From a more fundamental point of view, the comparison with the recent results of alternative ab initio studies indicates that the phosphine molecule is a good candidate to test the new theoretical approach presented by [20] and aimed at establishing a bridge between ab initio potential energy surfaces and eective hamiltonians on the basis of coherent tensorial formulations. Appendix B. Sample line list Table. (a) Calculated wavenumber in cm −1 .
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(b) Obs-Calc residual for positions in 10 −3 cm −1 .
(c) Calculated intensity in cm×molecule −1 at 296 K.
(d) Relative residual for intensities in % .
(e) Vibrational assignment.
(f ) Rotational assignment.
The rotational nomenclature quoted in the last column gives ∆K ∆J(J", K", C") where O, P , Q, R, S stand for ∆K (or ∆J) = −2, −1, 0, 1, 2 respectively. J", K", C" designate respectively the rotational quantum numbers and the ro-vibrational symmetry of the lower (initial) state of the transition. 
